Epithelial appendages , such as mammary glands and hair , arise as a result of epithelial-mesenchymal interactions. Bone morphogenetic proteins (BMPs) are important for hair follicle morphogenesis and cycling and are known to regulate a wide variety of developmental processes. For example , overexpression of BMPs inhibits hair follicle formation. We hypothesized that the down-regulation of the BMP signaling pathway in the basal epidermis expands regions that are competent to form hair follicles and could alter the fate of the epithelium in the mouse nipple to a hair-covered epidermal phenotype. To test our hypothesis , we used a transgenic mouse model in which keratin 14 (KRT14) promoter-mediated overexpression of Noggin , a BMP antagonist , modulates BMP activity. We observed the conversion of nipple epithelium into pilosebaceous units. During normal mammary gland organogenesis , BMPs are likely used by the nipple epithelium to suppress keratinocyte differentiation , thus preventing the formation of pilosebaceous units. In this report , we characterize the morphology and processes that influence the development of hairs within the nipple of the KRT14-Noggin mouse. We demonstrate that Noggin acts , in part , by reducing the BMP signal in the epithelium. Reduction of the BMP signal in turn leads to a reduction in the levels of parathyroid hormone-related protein. We propose that during evolution of the nipple, the BMP pathway was co-opted to suppress hair follicle formation and create a more functional milk delivery apparatus.
The development of diverse ectodermal organs such as mammary glands, feathers, and hair has much in common and shares developmental stages such as induction, morphogenesis, and differentiation. 1 Many ectodermal organs have even become defining characteristics of specific vertebrate classes; ie, feathers and hair are cardinal characteristics of the Aves and Mammalia classes, respectively. 2 These different ectodermal organs show regional specificity whereby their developmental potential varies in different regions of the skin. For instance nails grow from the tips of fingers and toes, teeth form within the mouth, hair of different coarseness, length, and pigmentation form from the scalp, beard, eyebrows, chest, arms, and so forth.
Although ectodermal organs arise from different developmental mechanisms, several aspects of their development and morphogenesis run in parallel. Early stages of development include the formation of a dense mesenchyme underlying an epithelial bud followed by invagination or evagination coupled to differential growth. Then the epithelial appendage undergoes a process of differentiation to unveil the unique ectodermal organ structure and function. Each of these ectodermal organs expand the skin surface area in different ways to provide methods for display, camouflage, feeding of the young, warmth or cooling, flight, and so forth. We presume that each region of the skin has the initial potential to generate each type of ectodermal organ, but the fate is chosen through mo-lecular signals in the local environment. 3 Small changes in molecular expression may tip the balance toward a different developmental program. To further explore this concept, we focused on the ventral skin that can form interfollicular skin, pilosebaceous units, or nipples. Specifically, we analyzed ectodermal organs that lie along the mammary line.
In the mouse, the differentiation of stem cells into a mammary gland is first observed by the appearance of five symmetric (left-right) pairs of placodes visible by scanning electron microscopy at embryonic day 11.5 (E11.5). These are seen as elevations above the surrounding surface ectoderm. 4 At this stage, the epidermis of male mice is under the influence of androgens and the epithelial bud becomes separated from the epidermis as a result of apoptosis in the underlying mammary mesenchyme at approximately E14. 5 In their female counterparts at E15.5, the epithelial bud forms a mammary sprout and invaginates through the underlying mesenchyme. This is followed at E16.5 by the formation of a rudimentary ductal tree derived from the branching of the epithelial sprout into the mammary fat pad and the induction of the nipple sheath in the overlying epithelium. 6 Thus male mice fail to form both mammary glands and nipples. The nipple sheath results from epidermal thickening that invaginates down into the underlying dermis, forming a halo surrounding the location of the mammary sprout that is formed as a result of parathyroid hormone-related protein (PTHrP)/PTH-R1 signaling. 4 The nipple is considered to be a type of specialized epidermis that shows distinct patterns of differentiation and keratin expression to withstand the mechanical strain of nursing. 7 In normal mice, hair follicles do not develop in the nipple epidermis, but they are found covering the rest of the ventral trunk with the exception of the genital regions. In the skin of the trunk, proliferating keratinocytes can systematically differentiate, giving rise to the basic structure of the hair follicle. This leads to the formation of various structures in the hair follicle including the inner and outer root sheath, medulla, cortex, and central cuticle of the hair shaft. The epithelium can further differentiate into a sebaceous gland that is comprised of lipid-filled sebocytes that release their contents (sebum) onto the surface of the epidermis. Stem cells have been proposed to lie in a specialized region of the hair follicle known as the bulge and appear to be responsible for replenishing the sebaceous gland in addition to generating the hair lineages. 8, 9 Multiple signaling pathways have been implicated in various stages of the hair follicle development and its regenerative cycle in the adult, including Wnt, fibroblast growth factor, sonic hedgehog (Shh), and the transforming growth factor-␤ superfamily signaling pathways. The bone morphogenetic protein (BMP) pathway consists of more than 20 secreted growth factors and their receptors that are involved in many aspects of development. Various BMPs and secreted antagonists of the BMPs such as Noggin and Follistatin are of particular importance for hair follicle morphogenesis and cycling. 10 -12 BMPs have been described as being classical morphogens because they have the ability to alter ectodermal organ specificity. 13, 14 BMPs such as BMP2, -4, and -7 signal through a heteromeric complex of type I and II receptor serine/ threonine kinases. 15 Binding of the BMPs to the receptors induces the phosphorylation of the receptor regulated SMAD family (rSMADs) members (SMAD1, -5, and -8) that then associate with co-SMAD (SMAD4). This phosphorylated complex can then translocate into the nucleus and regulate the transcription of various genes. 16, 17 Hair follicle morphogenesis is dependent on the inhibition of BMP signaling as demonstrated by the observation that mice that overexpress Noggin at the dermal-epidermal interface have an increased number of hair follicles. 18 In this study, we set forth to examine the role of the BMP pathway in fate determination within the ventral skin by using Noggin as a tool to inhibit BMP activity. We demonstrate that BMP signaling is central to a series of cell fate decisions altering the competence status in the nipple epithelium. This leads to the formation of hairs, sebaceous glands, and normal nipple epithelium within the same nipple.
Materials and Methods

Animals
KRT14-Noggin mice were identified as described previously. 18 Noggin-lacZ mice were obtained as a gift from Dr. Richard Harland (University of California, Berkeley) and Msx2 Ϫ/Ϫ mice were obtained as a gift from Dr. Robert Maxson (University of Southern California). Msx2 Ϫ/Ϫ mice were backcrossed onto a C57BLl/6 background and then identified as previously described. 19 All animals were anesthetized and their nipples removed and processed for staining or scanning electron microscopy as described below.
Cell Culture and Transient Transfection
Immortalized primary human keratinocytes (a kind gift from Dr. David Woodley, University of Southern California) were used for all cell culture experiments and described previously. 20 Keratinocytes were plated at 5 ϫ 10 4 cells/well in 24-well plates and grown in keratinocyte serum-free media (Invitrogen, Carlsbad, CA) containing pituitary extract, epidermal growth factor supplement, 2% fetal bovine serum, and penicillin/streptomycin. For reporter gene assays, keratinocytes were transiently transfected using TargeFect F1 reagent (Targeting Systems, El Cajon, CA). A total of 1.0 g of plasmid DNA was incubated with F1 reagent in OptiMEM at 37°C for 20 minutes and then added to the corresponding wells for 3 hours, followed by the addition of serum containing media to each well in the presence or absence of 10 nmol/L BMP4 protein (R&D Systems, Minneapolis, MN) or 10 nmol/L Noggin protein (R&D). Each well was washed with phosphate-buffered saline (PBS) before preparing cell extracts. Cell extracts were prepared and assayed for luciferase activity 48 hours after transfection, according to the manufacturer's protocol (Promega, Madison, WI). The results shown are the means and SD of triplicate points. Intact P3-Luciferase construct described previ-ously 21 and mutated SMAD binding site (P3M3) also described previously 22 were used to assess activation of the PTHrP promoter by BMP4 and Noggin. A Student's t-test was performed to determine statistical significance (P Ͻ 0.05).
Histological, Histochemical, and Immunohistological Staining
Hematoxylin and Eosin (H&E)
After excision of the mouse nipples, the specimens were fixed in 4% paraformaldehyde in PBS overnight at 4°C followed by a dehydration series and embedding in paraffin wax. Five m sections of the fourth inguinal nipple were cut longitudinally. Standard H&E staining was performed for basic histological analysis.
Immunostaining Sections
Specimens were fixed, dehydrated, and embedded as described above. Sections of the fourth inguinal nipple were stained with antibodies against keratin 14 (KRT14) (Lab Vision, Fremont, CA) and ␤-catenin (Sigma, St. Louis, MO) to visualize signaling. Staining for pSMAD1,5,8 (Cell Signaling Beverly, MA) was performed to visualize BMP signaling. Antibodies against NCAM 23 were used to examine alterations in dermal signaling. Ki-67 antibodies (DAKO, Carpinteria, CA) were used to localize proliferating cells. TUNEL (Roche, Indianapolis, IN) staining was used to visualize apoptosis. Binding of the secondary antibody and visualization using AEC (Vector Laboratories, Burlingame, CA) were done according to the manufacturer's protocol and as described previously. 24 Visualization and photos were taken using the MedMicroscopy (Trestle, Irvine, CA) slide scanner fitted on a BX51 microscope (Olympus, Melville, NY).
Staining of Sebocytes with Oil Red O
Oil Red O staining was modified and performed based on the protocol described by Guha. 25 Briefly, 5-m frozen sections of the adult mouse nipple were postfixed in 4% paraformaldehyde, washed with distilled water, followed by two changes of 100% propylene glycol for 5 minutes each. The sections were stained for 7 minutes with Oil Red O, followed by rinsing in 85% propylene glycol and then in distilled water for 3 minutes each, and then counterstained with hematoxylin and mounted.
In Situ Hybridization
Section in situ hybridization was performed as previously described but with some modifications. 24 Proteinase K treatment was performed for 10 minutes and all washing steps were performed for 10 minutes each. PTHrP probe was a kind gift from Dr. Marcel Karperien (Leidin University Medical Center) and described previously. 26 Shh and Noggin probes were a kind gift from Dr. Saverio Bellusci (University of Southern California).
Scanning Electron Microscopy
The specimens were excised and fixed overnight at 4°C in Karnovsky's fixative (2% paraformaldehyde, 2% glutaraldehyde, 5 mmol/L CaCl 2 in 0.1 mol/L cacodylate buffer, pH 7.4). After fixation, the specimens were rinsed several times with 0.1 mol/L cacodylate buffer for a minimum of 15 minutes, followed by postfixation with 2% osmium tetroxide in 0.1 mol/L cacodylate buffer for 2 hours in the hood. This is followed by rinsing with 0.1 mol/L cacodylate buffer for a minimum of 15 minutes followed by dehydration of the specimens using a graded alcohol series (50% for 15 minutes, 70% for 15 minutes, 85% for 15 minutes, 95% for 15 minutes, and two changes of 100% for 5 minutes each). The samples are then chemically dried using a series of hexamethyldisilazane (HMDS) (50% HMDS in ethyl alcohol for 15 minutes followed by 75%, 85%, 95%, and two changes of 100%). After the final change of 100% HMDS, the excess is removed and the samples are allowed to air-dry in a hood overnight. The samples are then mounted on aluminum stubs with adhesive tabs and sputter-coated for 3 minutes.
Semiquantitative Reverse TranscriptasePolymerase Chain Reaction (RT-PCR)
A total of five nipples were excised from WT, KRT14-Noggin
, and Msx2 Ϫ/Ϫ mice. Tissues were then ground using a mortar and pestle in liquid nitrogen and homogenized using the QIAShredder (Qiagen, Valencia, CA). RNA was extracted using the RNeasy kit (Qiagen). Finally RNA was transcribed into cDNA using a first-strand reverse transcriptase kit for RT-PCR (Invitrogen). We analyzed the tissues for levels of ectopic KRT14-Noggin, 18 endogenous Noggin sense 5Ј-GAG-CAAGAAGCTGAGGAGGA-3Ј and antisense 5Ј-GTGAG-GTGCACAGACTTGGA-3Ј, Bmpr1a sense 5Ј-TCTCAAG-CAGGGGTCGTTAC-3Ј and antisense 5Ј-CGCCATTTA-CCCATCCATAC-3Ј, and L32 sense 5Ј-AGAAGGT-TCAAGGGCCAGAT-3Ј and antisense 5Ј-CAGCTCCTT-GACATTGTGGA-3Ј as a control. PCR was performed using the MJ mini (Bio-Rad, Hercules, CA) as follows: an initial dissociation at 95°C for 3 minutes followed by 30 cycles of dissociation at 95°C for 30 seconds, annealing at 55 to 58°C for 30 seconds, and extension at 72°C for 30 seconds. A final extension time of 10 minutes was then performed and PCR products were held at 4°C until run on a 1% agarose gel for visualization of the bands.
Results
Overexpression of Noggin Leads to the Conversion of Nipple Epithelium into Competent Hair Follicle-Forming Epithelium
To characterize the expression of endogenous Noggin in Noggin transgenic and Msx2 Ϫ/Ϫ mice compared to controls we performed RT-PCR (Figure 1a) . Endogenous Noggin is expressed to the same level in each mouse line. On the other hand, ectopic Noggin is expressed in a dose-dependent manner in our Noggin transgenic mice ( Figure 1a) . We also compared the levels of Bmpr1a to test whether the expression level of this receptor is changed because of the decreased BMP signaling in the epithelium. Bmpr1a expression was not altered in the nipples as a result of decreasing BMP activity in both Noggin-overexpressing and Msx2 Ϫ/Ϫ mice ( Figure 1a ). Control gene (L32) expression was consistent throughout the samples. Next we examined the location of endogenous Noggin expression. Using a transgenic mouse in which the Noggin promoter drives expression of LacZ 27 and expresses ␤-galactosidase, we identified the endogenous pattern of Noggin expression in the adult nipple. Interestingly, in the nipple area Noggin is mainly expressed in the epithelium of the adult mouse nipple but is also present to a low level in the mesenchyme ( Figure  1b) . In contrast, LacZ staining shows that Noggin is expressed in the dermal papilla of dorsal skin in agreement with published observations. 11 We further tested the location of Noggin expression in the adult nipple by performing in situ hybridization on a control mouse. These data confirm that Noggin is expressed primarily by the epithelium in the adult mouse nipple (Figure 1b) and suggest that the BMP signaling pathway likely exerts complex regulation on the nipple epithelium.
To test the function of BMP in establishing the specialized nipple structures, we used transgenic mice in which Noggin expression was regulated by the keratin 14 (KRT14) promoter. These KRT14-Noggin mice express Noggin in the basal layer of the epithelium at the junction of the epithelium and dermis. This expression pattern mostly overlaps with the endogenous Noggin expression pattern (compare Figure 1b with Figure 3i ). Scanning electron microscopy was performed to visualize the presence of hair follicles formed within the nipples of two types of Noggin-overexpressing mice and wild-type (WT) littermates. We also examined the nipples of Msx2 Ϫ/Ϫ mice ( Figure 2 , a-d) because Msx2 is known to have a SMAD binding site in its promoter region and this homeodomain transcription factor mediates BMP signaling in several tissues. Furthermore, it was shown that BMP and PTHrP signaling up-regulates Msx2 expression in the mammary gland and suppresses hair growth in the nipple. The disruption of Msx2 induces new hair follicle growth on the ventral skin of PTHrP-overexpressing mice. 28 The images obtained from scanning electron microscopy allowed us to count the number of follicles protruding from the nipples. The effects of KRT14-Noggin suggested a dose-dependent impact of the BMP repressor on hair follicle formation. Heterozygous Noggin mice 1342 (Figure 2e ). Because the nipple is part of a specialized ectodermal organ (mammary gland) derived from epithelial-mesenchymal interactions, altering BMP pathway activity at the epithelial-dermal junction may change the competence of the epithelium, allowing for the formation of hair follicles. After histological staining was performed we examined the nipples for any morphological changes that had occurred. Noggin-expressing mice showed hair follicles and sebaceous glands within the nipple (Figure 3 , b and c) that were absent from WT nipples (Figure 3a) and those of the Msx2 Ϫ/Ϫ (Figure 3d ) mice. These data suggest that suppression of BMP activity by Noggin leads to a conversion of nipple epithelial cells into different ectodermal organs including hair follicles and sebaceous glands. This activity does not appear to be mediated via Msx2 because neither hairs nor sebaceous glands are present in the nipples of Msx2 Ϫ/Ϫ mice. Oil Red O staining was performed on frozen sections of the mouse nipples to confirm the presence of sebaceous glands within the nipples of the transgenic Noggin mice. Results show that Noggin acts in a dose-dependent manner that increases the number and size of ectopic sebaceous glands within the nipple (Figure 3, f and g ). WT and Msx2 Ϫ/Ϫ mice lacked sebaceous glands within the nipple ( Figure 3 , e and h, respectively). KRT14 staining indicated the location of the transgene expression in KRT14-Noggin mice ( Figure 3 , j and k) and also the antibody labeled the newly formed hair follicles in the noggin mice. The pattern of KRT14 staining was not altered in the nipple of the transgenic mice compared to controls (Figure 3, i-l) .
We next characterized the proliferation, differentiation, and apoptosis status of the control, Msx2 Ϫ/Ϫ , and KRT14-Noggin mouse nipples. To identify cells within the proliferative cell pool, sections were immunostained for Ki-67 (Figure 4, a-d) . The percentage of proliferating cells within the nipple epithelium (blue bars) and dermis (green bars) was determined (n ϭ 3). Proliferation was increased 5.2-fold in the homozygous and heterozygous KRT14-Noggin mice epithelium compared to the WT mice. Proliferating epithelial cells were increased 2.1-fold in Msx2 Ϫ/Ϫ mice compared to WT mice (Figure 4 , a-d and m). Noggin has been observed previously in the hair-producing mesenchyme. 11 Therefore we stained WT, Msx2 Ϫ/Ϫ , and KRT14-Noggin mouse nipples with neural cell adhesion molecule (NCAM), another mesenchymal marker to detect changes that may have taken place in the nipple mesenchyme (Figure 4 , e-h). NCAM expression levels were increased in the dermis immediately underlying the epithelium in the nipple of the homozygous KRT14-Noggin mice. There was less increase in the heterozygous KRT14-Noggin mice and the response appears to reflect dose dependence. Apoptosis was detected in the epithelium (blue bars) and dermis (green bars) using TUNEL staining (Figure 4, i-l) . These data were quantified and demonstrated that there did not appear to be any changes in the levels of apoptotic cells in the KRT14-Noggin mice (Figure 4n) . TUNEL staining was elevated in the epithelium of the Msx2 Ϫ/Ϫ mice. We also stained for keratin to detect differentiation using AE13 monoclonal antibodies, but the staining in the pilosebaceous units within the nipple was weak (data not shown). We suspect that the pilosebaceous units in the nipples are not completely differentiated because the majority of the structures observed are sebaceous glands with occasional hair follicles.
Overexpression of Noggin Leads to Suppression of PTHrP and Ectopic Expression of Shh
We were interested in determining what molecular pathways were affected as a result of suppressing BMP pathway activity in the nipple. In situ hybridization results revealed that Noggin overexpression decreased the expression levels of PTHrP transcripts compared to controls ( Figure 5 , a-c). PTHrP expression does not appear to be affected in the Msx2 Ϫ/Ϫ mice (Figure 5d ). Shh transcripts were expressed in the epithelium of the ectopically formed hair follicles in the nipple ( Figure 5 , e-h). We also demonstrate that antibody labeling of phospho-smad 1/5/8, an indicator of BMP signaling, was reduced in the epithelium of the Noggin mice ( Figure 5, i-l) . Subsequently, the expression levels of PTHrP and Shh were altered in the nipples of these mice. The nipples of Msx2 Ϫ/Ϫ mice; however, do not have hair follicles present suggesting that Msx2-mediated BMP signaling is not required to repress hair follicle formation. We demonstrate that inhibiting BMP signaling within the basal keratinocytes is permissive for an epithelial fate change that allows for the formation of hair follicles in the mouse nipple where they normally would fail to develop.
PTHrP Promoter Activity Is Enhanced by BMP4
Based on in situ hybridization results our data indicated that PTHrP was down-regulated in the epidermis of the nipple of the KRT14-Noggin mice. To test whether BMP4 is directly involved in transcriptional activation of PTHrP via binding to a SMAD binding element in the promoter, we used a transient transfection assay using two human PTHrP reporter genes and immortalized human keratinocytes. The human PTHrP gene has three distinct promoters (P1 to P3) that regulate PTHrP transcription. 21 The human P3 promoter is more than 90% identical to the single rodent promoter in the region of the TATA box and core activator domain containing transcription factor binding sites GAS, Ets, SP1, and SMAD binding sites. 21 A WT human P3 promoter-driven luciferase construct containing 200 bp of sequence upstream of the transcription start site (P3) and a second construct that had a site directed mutation of the SMAD binding site (P3M3) were used in this assay. 21, 22 Reporter gene activity of the WT P3-luciferase construct was enhanced on addition of 10 nmol/L BMP4 to the culture media and was found to be statistically significant (P Ͻ 0.05). Conversely, on addition of Noggin protein to the culture media, the baseline luciferase activity of the WT P3 construct was decreased and also found to be statistically significant (P Ͻ 0.05). Results also show that mutation of the SMAD binding site in the P3M3 construct severely reduced basal construct activity, and this could not be activated by the addition of exogenous BMP4 (Figure 6 ).
Discussion
Signaling Pathways Involved in Hair Follicle and Nipple Formation
Because of regional specificity, the nipple only develops on the ventral side of a female mouse. In fact three possible fate choices are available to cells residing within the ventral skin. Ventral skin can become interfollicular skin, pilosebaceous units (hairs plus sebaceous glands), or nipples (Figure 7 ). This choice is primarily determined through epithelial-mesenchymal interactions. 1 Each of the choices produces dramatically different morphologies and molecular expression. Here we sought to characterize some of these differences, focusing on the role of BMP signaling.
We initially examined the distribution and function of Noggin in the murine nipple and surrounding hair follicle containing skin (interfollicular plus pilosebaceous containing) to test the involvement of the BMP pathway in distinguishing between these different regions of the ventral skin. Noggin is normally expressed in the hair follicle dermal papilla in dorsal skin. 11, 18 To our surprise its expression shifted to the epithelium within the nipple (Figure 1) .
To further explore BMP's role in nipple development, we misexpressed Noggin from a keratin 14 promoter. The KRT-14 promoter clearly misexpressed the Noggin transgene in the entire basal layer of the epithelium in these animals as previously reported 18 in a region that mostly coincided with the endogenous expression pattern. Ectopic pilosebaceous unit formation including hair and sebaceous glands has been reported on the ventral side of the paw and eyelids of these KRT14-Noggin transgenic mice. 18 Here we show that the transgene induces hairs to form in the nipple suggesting that inhibition of BMPs in the nipple microenvironment via KRT14-noggin expression surmounts a threshold level and drives keratinocytes toward hair follicle fate determination in the epithelium. Lineage selection by the common progenitor cells in the skin is therefore dependent on the BMP signaling pathway. Increased Noggin expression in the transgenic mice led to increased epithelial cell proliferation within the nipple consistent with the finding that BMP signaling suppresses proliferation in hair-producing epidermal cells. 29 The cyclic suppression and up-regulation of BMP regulates the hair cycle producing hair waves 30 by acting through BMP receptor 1a. 31 In hairs, BMP apparently functions through the dermal papilla because BMPR1a-null dermal papilla cells failed to form hair follicles when combined with epithelial stem cells. 32 Recent studies have shown that removal of Shh signaling in the epithelium secondarily causes increased levels of Shh expression in the mesenchyme, contributing to induction of hair follicles. 33 Our results indicate that Noggin-overexpressing mice exhibit epithelial Shh expression in the abnormal hair follicles that form within the nipple. Shh expression is not altered in the overlying nipple epithelium, suggesting that the increase in Shh expression is secondary to the formation of the hair follicles in the nipple.
PTHrP signaling is required for the proper formation of the nipple. In the absence of PTHrP signaling, mammary mesenchyme fails to form and in turn does not direct the formation of nipple sheath in the overlying epidermis. 5, 6, 34 Conversely, in the KRT14-PTHrP mice that overexpress PTHrP in basal keratinocytes, peptide signaling causes the conversion of subepidermal mesenchyme 28 Those in the top left are from Foley and colleagues. 36 Gat and colleagues 42 clarified the involvement of ␤-catenin along the ventral interfollicular skin to pilosebaceous unit pathway (top right) whereas Miyoshi and colleagues 43 identified ␤-catenin along the nipple to pilosebaceous unit pathway (bottom right).
into condensed mammary mesenchyme. 36 This leads to the suppression of hair follicle development and causes the entire ventral epidermis between the mammary lines to acquire characteristics of the nipple sheath. 35 We found that PTHrP expression was decreased in our Noggin-overexpressing transgenic mice and that the pilosebaceous units formed within the nipple.
One way that BMPs can exert their effects is through Msx1 and Msx2, which are BMP-responsive homeodomain-containing transcription factors that participate in epithelial-mesenchymal signaling during development. 19, 36, 37 Both Msx1 and Msx2 are important to the normal development of epithelial appendages including hair and mammary glands. In mice that are deficient for Msx1 and Msx2, mammary development fails at the placode stage. 19 Msx2 alone has been detected within the dense mammary mesenchyme. 19, 36 Satokata and colleagues 19 reported that mammary buds form in Msx2
mice but the development subsequently arrests at E16.5, and no ductal outgrowth is formed. Although Msx2 was previously thought to be required for the outgrowth of the mammary bud in mice, 19 in our hands these mice can form normal and functional mammary ducts and nipples. Recently, Hens and colleagues 28 also found that these mice are capable of forming normal mammary buds. They reported that in ventral skin PTHrP can induce BMP signaling by increasing the amount of Bmpr1a mRNA as assessed by RT-PCR and sensitizes the mammary mesenchyme to BMP4, which in turn induces Msx2 expression, potentially leading to the lateral inhibition of hair follicle formation within the developing nipple sheath. 28 However, using semiquantitative RT-PCR we saw no changes in BMPR1a expression levels in the nipples of adult KRT14-Noggin or Msx2 Ϫ/Ϫ mice ( Figure 5 ). Therefore the BMP receptor is not up-regulated as a result of increasing Noggin levels or decreased because of the lack of Msx2 levels in the nipple. Furthermore, using a reporter construct in vitro we showed that BMP is capable of inducing transcription of a PTHrP reporter gene via a SMAD binding element in cultured keratinocytes ( Figure  6 ). Mutating the SMAD binding site within the promoter region, prevents the activation of the construct, suggesting that the BMP pathway is upstream of PTHrP. Thus, the regulatory interaction between BMP and PTHrP may differ between specific regions of the ventral skin and/or between developing and adult tissue. The nipples may have additional signaling pathways in place that repress hair follicle formation. It would be interesting to see whether hair growth was induced in the nipples of the Msx2 Ϫ/Ϫ mice from Hens and colleagues. 28 This raises the intriguing possibility that there is a positive feedback loop whereby BMP activates PTHrP gene expression in epithelia that stimulates the PTH receptor leading to an up-regulation of the BMP receptors in the mesenchyme.
From a morphological standpoint, both nipple and pilosebaceous unit epithelium invaginate into the surrounding mesenchyme. Because they are configured differently this causes them to have a very distinct appearance. The mesenchyme of both of these organs is highly enriched in NCAM. Furthermore, we found that suppression of BMP signaling increased the expression of NCAM within the nipple. Also, both the nipple and pilosebaceous units are not at the same level as the surrounding epithelium; nipples protrude out from the skin surface and hair follicles sink into the skin.
The molecular characterization of the nipple is still at an early stage. We surmise that as more information becomes available it will help to explain these alterations in morphology. We presume that all regions of the ventral skin initially have an equal chance of becoming interfollicular skin, pilosebaceous units, and nipples given the proper microenvironments. This can be accomplished by the differential regulation of molecular networks leading to a change in equilibrium. To this end, we have summarized the existing results describing how molecular pathways affect the ventral skin (Figure 7) . In this study we demonstrated that whereas hair follicles do not normally form in the nipple, expression of exogenous Noggin in the nipple epithelium suppresses BMP signaling and allows progression of pilosebaceous units. Decreases in BMP pathway activity as well as PTHrP expression may play a key role in this process. Levels of Shh in the nipple epithelium of Noggin-overexpressing mice were unchanged from controls while Shh is expressed within the ectopically formed hair follicles, preventing reversion back to nipple epithelium. This conversion of nipple epithelium to hair-forming epithelium occurs in an Msx2-independent manner.
Ectopic PTHrP expression converted ventral epithelium to nipple skin while PTHrP knockout mice form interfollicular skin. 36 Increased PTHrP expression was found to increase BMP signaling in the ventral skin. 28 PTHrP in conjunction with BMP increases Msx2 expression that suppresses hair follicle growth. 28 The conditional perturbation of Shh signaling in the skin led to increased Shh signaling in the mesenchyme and the conversion of hair follicles into mammary gland-like structures. 33 Previous studies show that the epidermis contains a population of stem cells that can proliferate and give rise to differentiating daughter cells that signal to the mesenchyme to form the various ectodermal organs including mammary glands, hair follicles, and sebaceous glands. 38 Our study brings out the possibility that the epithelial stem cells in the mammary gland and nipple region can be altered to produce the formation of hair instead of hairless nipple epithelium through exposure to regulatory molecules. Our results combined with those from the literature have led us to speculate that high PTHrP activity favors the formation of nipples, whereas high levels of BMP activity promote interfollicular skin formation and high ␤-catenin pathway activity may lead to pilosebaceous unit formation. We are aware that PTHrP levels can vary within hair follicle producing skin from low to high depending on the hair cycle. 39 PTHrP is very low in interfollicular epidermis at all times. In the hair follicle PTHrP is localized around the neck of the hair follicle but becomes very highly expressed in the outer root sheath during late anagen. Despite these discrepancies, we find it helpful to speculate that shifts in the expression of these molecules regulate ectodermal organ specificity within different skin regions.
Developments in stem cell biology and regenerative medicine are focused toward converting nonneural stem cells into specific desired ectodermal organs. Therefore, it is even more important to understand how different gene networks are wired differently in different body regions. Our work studying these transgenic mice begins to unravel some of the clues about this fundamental process that would contribute to stem cell biology.
Evolution of the Nipple and Mammary Gland
The evolution of the nipple and mammary gland is interesting and of particular importance because the development of these structures allows for improved milk delivery to the young and thus increased survival. Many species have evolved ways to feed their young with varying success. Interestingly, eggs have been proposed as an important element in mammary gland evolution. 40, 41 Early Synapsids, are believed to have used secretions from their glandular skin to replenish fluids to the egg shells surrounding their young, as do current amphibians such as salamanders. 2 The secretions of Monotremes, on the other hand, trickled from mammary patches consisting of nippleless areolae-like skin, to a hairy coat to feed their young. Today's platypus uses specialized mammary hairs located along two presumptive mammary lines that run along their ventral surface. 2 Because altricial newborns rely more on early feedings from their mothers than their precocial counterparts, a hairless areola with a nipple was developed as an efficient means to feed the young. Mice do not exhibit an areolar complex as humans do, but merely contain nipple epithelium adjacent to normal skin. Therefore, we speculate that the evolution of mammary glands and nipples may be associated not only with the live birth of mammals but also with the molecular gain of BMP pathway activity. This would allow for specialized mammary glands and nipples to form while preventing hair formation in this region.
